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Abstract 25 
 26 
The interplay of degree of methylesterification (DM), pH, temperature, and concentration on the 27 
macromolecular interactions of pectin in solution has been explored. Small angle X-ray scattering 28 
complemented by atomic force microscopy and molecular dynamics were employed to probe 29 
chain dimensions and solution structure. Two length scales have been observed with the first 30 
characterising chain clustering with a size ranging between 100-200 nm. The second level of 31 
structure arises from single biopolymer chains with radius of gyration between ~6-42 nm. The 32 
development of a range of macromolecular dimensions in vitro and in silico shows chain 33 
flexibility increases with DM and at acidic pH whereas hydrogen bonding is the responsible 34 
thermodynamic driving force for cluster formation. High methyl pectins create structures of lower 35 
fractal dimension with less efficient packing.  This work unveils pectin conformations covering 36 
most of its industrially and biologically relevant environments, enabling rational design of 37 
advanced biomaterials based on pectin.  38 
 39 
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1. Introduction 52 
Research on the solution conformation of biomacromolecules is imperative, as this 53 
ultimately controls their functionality either in vivo or after appropriate modifications (e.g., 54 
purification or functionalisation) their industrial applications. Biological macromolecules are most 55 
frequently dispersed in aqueous environments as opposed to synthetic polymers where an organic 56 
solvent is most commonly used. Aqueous environments create complications due to the large 57 
number of interactions that may occur simultaneously depending on the fine structure of the 58 
biopolymer (e.g., hydrogen, hydrophobic, or ionic interactions).1 Upon dispersion, chains expose 59 
their functional groups in the aqueous environment (e.g., methyl, amine, carboxyl etc.) and the 60 
interplay between the ensuing macromolecular interactions may be either favourable, resulting in 61 
dissolution, or unfavourable resulting in self-association. Tuning of these interactions usually 62 
occurs by controlling fine structure of the biopolymer, composition of the aqueous environment 63 
(e.g., pH, ionic strength, type of cation, etc.), or temperature as it dictates the conformational state 64 
of the biopolymer in solution. This in turn is crucial as it controls the gelation mechanisms, 65 
arrangement at the interfaces or has implications in post-harvest biology of crops (e.g., ripening of 66 
fruits and vegetables).2 67 
The already convoluted landscape of biopolymers becomes even more complex when the 68 
macromolecule carries several functional groups, different sugar residues, and has a diverse 69 
branching pattern. In these cases, functionality is also determined by the distribution of the 70 
functional groups and grafting of the chains. 3 Pectin is a heteropolysaccharide that in its simplest 71 
form could be regarded as a di-block copolymer of two major segments. Homogalacturonan (HG) 72 
consists of linear (1→4) linked α-D-galacturonic acid (D-GalA) with variable degrees of methyl 73 
esterification (DM) of the carboxyl group at the C-6 position and depending on the origin acetyl-74 
esters at O-2 and/or O-3 positions of GalA may also be present. If DM is lower than 50% pectin is 75 
classed as low methylated (LM) whereas if it is higher than 50% as high methylated (HM) that 76 
brings about substantial ramifications to functionality, as for instance on the gel-formation 77 
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mechanism. Rhamnogalacturonan-I (RG-I) is the second major segment consisting of alternating 78 
units of rhamnose (Rha) and galacturonic acid [α-(1→2)-D-GalA‒α-(1→4)-L-Rha]n with n being 79 
frequently higher than 100. Rhamnose residues frequently carry branches at O-4 and/or O-3 80 
positions of Rha consisting of galactose, arabinose, and in certain pectins, protein moieties are 81 
also found.4 As a result of the polyelectrolyte (carboxyl groups) and hydrophobic (methyl groups) 82 
nature of pectin, the location and distribution of methyl and charged groups along the chain 83 
(termed blockiness) also controls functionality and is remarkably difficult to assess and 84 
industrially reproduce.5 As a silver lining, the concurrent presence of all the above-mentioned 85 
parameters makes pectin a highly tunable polysaccharide for a large number of applications.  86 
A lot of analytical work has been devoted on structure characterisation of pectin but 87 
literature on the solution conformation of pectin is sparse particularly with scattering methods. 88 
Previous work has identified that pectins rich in HG domains are semi flexible macromolecules6 89 
and as RG-I domains increase the chains acquire greater conformational freedom due to the 90 
flexibility that is imparted by the presence of rhamnose.7 In addition, measurable conformational 91 
changes seem to occur only when pH is raised above ~4, which is related to the dissociation 92 
constant of galacturonic acid (pKa 3.5 at 20 
oC).8 However, chain conformation in solution is not 93 
only related to the structure of the biopolymer but is also inherently associated with the 94 
thermodynamic properties of the aqueous solvent. Crucially, the interplay between molecular 95 
interactions that control pectin conformation and therefore functionality, as affected by both pectin 96 
structure and solvent quality is not well understood. The objectives of the present work were, 97 
therefore, to bridge this gap of understanding by investigating the influence of key structural 98 
parameters (degree of methylesterification), solvent quality (pH, temperature, salt) and 99 
concentration in an effort to present detailed relationships of the spatial arrangements of pectin for 100 
essentially most of its biologically and industrially relevant conditions. 101 
 102 
 103 
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2. Materials and Methods 104 
 105 
2.1 Materials 106 
Two samples of pectin (CP-Kelco, UK) with degree of methylesterification (DM) 7% and 107 
75% have been used in the present investigation. Samples were washed in 60% ethanol to remove 108 
any residual monosaccharides that may interfere with background subtraction in SAXS 109 
measurements and freeze-dried. The two freeze-dried samples (DM 7 and 75) were then mixed in 110 
order to obtain pectin samples with degree of methylesterification 10, 30, 50, and 70 % labelled as 111 
DM 10, DM 30, DM 50 and DM 70, respectively. Sodium chloride, potassium chloride and 3-(N-112 
morpholino)propanesulfonic acid (MOPS) were obtained from Sigma Aldrich (Poole, UK). 113 
2.2 Sample preparation 114 
Samples were dispersed at 1, 3 or 10 mg/mL in 100 mM buffers at either pH 1.0 (HCl/KCl) 115 
or 7.0 (MOPS) in the presence or absence of 100 mM NaCl. Samples were left overnight under 116 
continuous stirring to ensure complete solubilisation. Following solubilisation, samples were 117 
centrifuged to remove any insoluble material or aggregates and were subjected to SAXS 118 
measurements at 10, 30, 50 or 65 oC, as described below. 119 
2.3 Molecular characterisation of samples 120 
The weight- and number-average molecular weights (Mw, Mn), polydispersity index, and 121 
radius of gyration of the samples were estimated using size exclusion chromatography coupled to 122 
multi-angle laser light scattering (SEC-MALS) at 25 oC. Pectins were solubilised in 100 mM 123 
NaNO3 solution (3 mg mL
-1) at ambient room temperature with stirring overnight. Samples were 124 
subsequently injected onto a SEC system (15 mm particle size, 25 cm,  4 mm, Agilent, Oxford, 125 
UK) which consisted of a PL Aquagel guard column linked in series with PL Aquagel-OH 60, PL 126 
Aquagel-OH 50, and PL Aquagel-OH 40. Pectins were eluted with 100 mM NaNO3 solution (pH 127 
8.6) at a flow rate of 0.7 mL min-1. The eluent was then detected online firstly by a DAWN EOS 128 
light scattering detector (Wyatt Technology, Santa Barbara, U.S.A.) followed by a rEX 129 
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differential refractometer (Wyatt Technology, Santa Barbara, U.S.A.). The refractive index 130 
increment, dn/dc was taken to be 0.146 mL g-1. 9 Intrinsic viscosity ([η]) measurements on pectins 131 
were performed using an Ubbelohde capillary viscometer after dispersion at 0.01-1 gdL-1 in 132 
buffers with 100 mM NaCl at pH 1.0 or 7.0 at 20 oC. Determination of the intrinsic viscosities for 133 
each of the different pectin extracts were obtained by extrapolation to infinite dilution using the 134 
Huggins relationship.10 Fourier transform infrared (FTIR) analysis was used to calculate the 135 
degree of methylesterification of samples after constructing a calibration curve using commercial 136 
pectins with known degree of methylesterification.11 FTIR spectra were obtained between 500 and 137 
4000 cm-1 for all samples in attenuated total reflection (ATR) mode at a resolution of 4 cm-1 using 138 
128 scans (Nicolet 380, Thermo Scientific, UK). Spectral smoothing was applied using instrument 139 
software (OMNIC 3.1). Protein quantification was performed using Bradford assay. 12 140 
2.4 SAXS measurements and data analysis 141 
Small angle X-ray scattering (SAXS) experiments were performed at B21 of the Diamond 142 
Light Source (Didcot, Oxford, UK) in batch mode using the bioSAXS sample delivery robot 143 
(Arinax, Grenoble France). 30 µL samples were arrayed in a 96-well plate and loaded into a 1.5 144 
mm internal diameter, 10 µm thick quartz capillary sample cell. Sample cells were maintained at 145 
temperatures of 10, 30, 50 and 65 oC where indicated.  For each sample, total exposure time was 146 
180 sec taken as an exposure set of 60 x 3 sec frames. SAXS measurements were performed at 147 
12.4 keV using a fixed 4 m camera length and a Dectris Pilatus 2M detector. Images were scaled, 148 
integrated and reduced to a 1D SAXS curve using the DAWN. 13 The instrument was calibrated 149 
using the powder diffraction rings of silver behenate. Radiation induced changes was assessed by 150 
noting changes in the SAXS curves over the frame set. Buffer or background subtraction was 151 
performed using an in-house processing pipeline and Scatter (v3.0, www.bioisis.net). Briefly, 152 
measurements corresponding to buffer were averaged and subtracted from each frame within 153 
sample exposure set. Subtracted frames that were considered identical were averaged to produce a 154 
single, merged SAXS curve representing the sample. Data analysis was performed using both 155 
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Scatter (v3.0, www.bioisis.net) and SasView (v4.1.1, www.sasview.org).  Scatter was used to 156 
obtain, the cross-sectional radius of gyration (Rc) that was calculated using the Guinier 157 
approximation from the intermediate q-region so as qxRc < 1.4. Kratky plots were constructed to 158 
examine the conformational changes of pectin and double logarithmic intensity plots to obtain the 159 
fractal exponents by fitting a power law function. A two-correlation length model was fitted to the 160 
data to obtain correlation length, ξ using SasView. 161 
2.5 Atomic Force Microscopy imaging 162 
The pectin solutions were diluted to 2 µg mL-1 in ultrapure H2O (18.2 MΩ) and then 2 µL 163 
drop deposited onto freshly cleaved mica and fully evaporated in 20 mins at room temperature 164 
(~20 ◦C). The AFM used for the present studies was manufactured by ECS (East Coast Scientific, 165 
Cambridge, UK). Contact (repulsive force) imaging was carried out under constant force 166 
conditions (1 nN). The AFM probes used were short Silicon Nitride cantilevers (Budget Sensors, 167 
Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria) with a quoted force constant of 0.27 N m-1. 168 
2.6 Molecular Dynamics 169 
Molecular dynamics (MD) simulations were conducted using the AmberTools17 suite of 170 
software14 and the GLYCAM06j parameters for carbohydrates.15 Decamers of 1→4-linked α-D-171 
GalA with either methyl-esterification or protonation at the C-6 position were built in xleap and 172 
tleap and neutralized by the addition of sodium ions. Additional Na+ and Cl- ions were added to 173 
maintain an equal ionic strength (~100 mM) in all conditions. The system was then solvated in 174 
explicit water using a periodic cubic box with a minimum contact distance of 8 Å and the TIP3P 175 
water model. After energy minimisation, the system was heated at constant volume (boundary 176 
condition flag ntb = 1, pressure regulation flag ntp = 0) from 0 to 300 oK before an equilibration 177 
step at constant pressure (1 bar) with isotropic position scaling (ntp = 1, ntb = 2). Molecular 178 
dynamics production runs continued under constant pressure with a relaxation time of 2 ps. Bond 179 
lengths involving hydrogen were constrained with the SHAKE algorithm (bond length constraint 180 
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flag ntc = 2). Four systems were simulated, DM10 at pH 1 and pH 7, and DM70 at pH 1 and pH 7. 181 
It was assumed that all carboxylic acid groups were either fully protonated or fully deprotonated at 182 
pH 1 and 7, respectively. CPPTRAJ16 was used to process MD trajectory files (strip waters) and 183 
calculate dihedral angles from the last 6 ns of each 10 ns simulation. φ and ψ dihedral angles were 184 
defined as: φ = O-5 C-1 O-1 C-4΄ and ψ = C-1 O-1 C-4΄ C-5΄.  Contour plots to show the 185 
distribution of φ/ψ angles over all nine bonds in the decamer over the last 6 ns of simulation 186 
(54,000 data points) were generated in R.17 Decamer chain lengths were calculated in the Visual 187 
Molecular Dynamics software.18 Figures of representative pectin oligomers were generated in 188 
PyMOL.19 189 
3. Results and Discussion 190 
3.1 Sample characterisation and qualitative examination of scattering curves 191 
Samples used for SAXS measurements were characterised for molecular attributes relevant to the 192 
present investigation. As all samples were formed by mixing two commercial pectin powders, the 193 
actual degree of methylesterification was determined and it was found to be very close to the 194 
expected values (Table 1).  195 
Table 1: Molecular characteristics of pectins that were used in the present investigation. Rg has 196 
been obtained from SEC-MALS measurements. 197 
 DM 10 DM 30 DM 50 DM 70 
Mw ×10
3 (g mol-1) 276 273 199 197 
Mn ×10
3 (g mol-1) 105 133 108 111 
Rg (nm) 35 33 36 36 
Mw/Mn 2.6 2.1 1.8 1.8 
Protein (% w/w d.b.) 0.19 ±0.10 0.07 ±0.02 0.90 ±0.02 0.36 ±0.10 
Measured DM (%) 13 ±0.2 26 ±0.4 52 ±0.6 72 ±0.8 
[η] dLg-1 at pH 1 0.3 1.4 3.3 4.7 
[η] dLg-1 at pH 7 0.7 2.1 3.9 5.3 
 198 
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Commercial pectins are already a mixture of chains differing in the distribution of both charges 199 
and methyl groups.20, 21 On a molecular level, the original samples will also have a distribution of 200 
DM in the pectin chains present i.e., not all the individual macromolecules will have the same 201 
DM. As a result, the present approach yields samples not only with a gradual transition in the DM 202 
but also in the degree of blockiness albeit the latter was not quantified in the present work. 203 
Furthermore, powder mixing removes an additional level of complexity, which is associated with 204 
molecular weight distribution, as is discussed below. Cross contamination from protein that 205 
naturally occurs in commercial pectin preparations was found to be negligible, and consequently, 206 
protein will not have measurable contribution to the scattering patterns of pectin solutions. 207 
Weight-average molecular weight (Mw) of samples with DM 10 and 30 were slightly higher than 208 
those with DM 50 and 70 due to size differences in the initial materials that were used to create 209 
the samples. However, number-average molecular weight (Mn) that emphasizes the presence of 210 
macromolecules with low molecular size and the radius of gyration (Rg) are comparable between 211 
the samples. As a result, most of scattering particles have similar size affording valid comparisons 212 
to be made between the samples. Intrinsic viscosity ([η]) was also estimated in the presence of salt 213 
at the same pH values as with the SAXS measurements. Generally, intrinsic viscosity was higher 214 
at pH 7 reflecting the expansion of the coils due to dissociation of galacturonic acid. In addition, 215 
[η] increases with DM an observation that is also reflected in the lower fractal dimensions of high-216 
DM pectin samples (i.e., less efficient packing of the chains resulting in greater volume 217 
occupancy), as it will be shown later.  218 
SAXS traces of pectin samples were obtained in the presence or absence of salt but only the 219 
former results are presented and discussed. High salt concentration (100 mM) is essential to 220 
minimise conformational changes due to intra- and inter-molecular Coulombic interactions.22 221 
Consequently, scattering is expected to originate from chain conformations with minimal 222 
contribution from Coulombic interactions. Scattering intensity curves are characterised by two 223 
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dominant features that represent two different length scales in the solution structure of the samples 224 
(Figure 1).  225 
 226 
 227 
Figure 1: Typical small-angle X-ray scattering intensity plot of pectin samples exhibiting two 228 
distinct length scales. Inset shows the region that was taken to calculate the cross-sectional radius 229 
of gyration (Rc) (q > ~ 0.1 Å). 230 
 231 
The low-q region (q < ~0.1 Å-1) characterises large size clusters whereas the high-q regime (q > 232 
~0.1 Å-1) arises from the scattering of the biopolymer chains. The asymptotic growth of the 233 
scattering curve along y-axis is common in SAXS from polysaccharide solutions (e.g., alginates,23 234 
carragennan,24 or bacterial polysaccharides25) or hydrophilic synthetic polymers26 in contrast to 235 
pristine monodispersed protein solutions where the Guinier regime is normally observed.  Cluster 236 
sizes are greater than the resolution of the present technique and therefore their dimensions cannot 237 
be probed. Concentration dependence experiments and concentration-normalised scattering plots 238 
did not reveal any changes in the shapes of the curves showing that no new structures are formed 239 
in the semi dilute region of the polymers (Figure S1). Initial qualitative evaluation of the influence 240 
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of the studied parameters on chain disorder is achieved by Kratky plot construction (q2I(q) vs. q, 241 
Figure 2).  242 
 243 
Figure 2: Typical Kratky plots of pectin samples with different DM at (a) pH 1, and (b) pH 7. 244 
Curves increase monotonically at pH 1 indicating extended conformation. A peak that appears at 245 
pH 7 at around 0.015 Å-1 and gradually disappears with increase of DM is a result of counterion 246 
condensation. 247 
 248 
The curves of all samples at pH 1 increase monotonically, indicating disordered chains at all 249 
conditions studied (Figure 2a). At pH 7 a peak that emerges in the low-q region at about 0.015 Å-1 250 
indicates that chains attain a more folded conformation that gradually disappears with increase of 251 
DM (Figure 2b). This behaviour is attributed to counterion condensation effect that forces chains 252 
into a more coiled conformation.27-29 In the presence of added salt (usually above a certain salt 253 
concentration) pectin forms complexes between positively charged sodium and negatively charged 254 
carboxylic acids, which is facilitated at pH 7 due to deprotonation of carboxylic acid. At higher 255 
DM the peak decreases in intensity and ultimately disappears at DM 70 where charge density 256 
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decreases30 and methylesterification of carboxylic acids minimizes the influence of counterion 257 
condensation. This is further supported by Kratky plots obtained for salt-free samples where the 258 
peak at 0.015 Å-1 is not observed (Figure S2) and from intrinsic viscosity measurements where, as 259 
discussed previously, the chains occupy greater hydrodynamic volume at high pH values (Table 260 
1). Similar behaviour of chain conformations in polyelectrolyte systems has been previously 261 
experimentally observed, 31, 32 theoretically predicted, 29 or simulated in molecular dynamics.33, 34  262 
3.2 Quantitative analysis of SAXS curves 263 
SAXS-curve analysis permits following characteristic sizes with changes in solvent 264 
thermodynamics (pH and temperature) and pectin molecular architecture (DM) to achieve a 265 
quantitative examination of chain dimensions. Absence of Guinier regime due to the characteristic 266 
aggregation does not allow calculation the radius of gyration of the clusters (Rcluster). However, the 267 
radius of gyration of the cross-section (Rc) was calculated from the high-q region of the curves 268 
(Figure 1, inset) for all samples and was found to range between about 3-7 Å (Table S1) with 269 
samples at pH 7 showing a tendency to have greater Rc with a difference of about 2 Å. The effect 270 
was more prominent for samples with low DM whereas with increase of the methyl content in the 271 
samples the influence of pH subsides. Higher Rc values of low DM pectins is due to local chain 272 
bending due to counterion condensation in agreement with Kratky plots (Figure 2b) and molecular 273 
dynamics simulations, as it will be discussed in the following section. 274 
Persistence length gives information about the stiffness of the chains and is a parameter that 275 
can be extracted from Rc. In charged biopolymers the total persistence length (l) is the sum of the 276 
persistence length in the absence (lo) and presence (le) of Coulombic interactions (l = lo + le).
29 277 
Electrostatic interactions are mostly screened by the presence of counterions (Na+) and the chains 278 
assume dimensions that correspond to lo. This length scale can be calculated from the Rc of thin 279 
rigid rods as  = √12	. Persistence length of ideal random coils is zero whereas for extra-rigid 280 
rods approaches infinity. In the samples of the present investigation lo ranged between ~10-25 Å 281 
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revealing particularly flexible chains at all conditions studied (Figure 3, Table S1). It appears that 282 
the number of residues consisting lo are about four at pH 1 and fluctuate from three to six residues 283 
at pH 7, as the length of each monomer is between 4.6-5.0 Å depending on their instantaneous 284 
conformation (e.g., 4C1, 
1C4, etc.). The results demonstrate that multiple factors contribute to the 285 
overall persistence length. In the fully protonated state (pH 1) and high temperatures (65 oC), DM 286 
has no effect on persistence length which remains constant at 15 Å. However, at lower 287 
temperatures increasing DM results in a consistent decrease in persistence length. Under neutral 288 
conditions (pH 7), a complex relationship between temperature and DM is observed with the 289 
greatest changes seen at high temperatures with persistence length reaching a minimum of ~10 Å 290 
at DM 70. At low temperatures, a similar pattern emerges but the effect is muted. It should be also 291 
noted that the perturbations from 15 Å occur in the same direction as at high temperatures, but 292 
with reduced magnitude. These changes occur due to a broad variety of balancing effects 293 
including the desolvation energy of non-polar groups (i.e., methyl groups), electrostatic 294 
interactions (i.e., carboxyl groups), and excluded volume effects. The temperature dependence of 295 
lo is due to the weakening of intramolecular hydrogen bonding between hydroxyl groups that 296 
occurs at higher temperatures resulting in chains with greater flexibility. 297 
 298 
 299 
 300 
 301 
Figure 3: Persistence length of samples as function of temperature and degree of 302 
methylesterification in the presence of 100 mM NaCl at: a) pH 1, and b) pH 7. 303 
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Dissociation of carboxylic groups at high pH values enhances electrostatic interactions resulting in 305 
chain stiffening whereas increase in hydrophobic character of the samples imparts flexibility to the 306 
chains. Persistence lengths measurements of pectin depend on the experimental technique and 307 
method that is used to calculate it. Consequently, the relative shift in the size with respect to the 308 
environmental changes (e.g., structure, pH, salt, etc.) is more informative compared to its absolute 309 
value. For instance, persistence lengths of pectin measured with scattering techniques in very 310 
similar conditions resulted in lo varying between 45-75 Å
6 or 38-83 Å8 and showed responsiveness 311 
of conformation to DM, rhamnogalacturonan-I (RG-I) content, and pH, although a clear 312 
relationship was not established, as in the present study. Studies of lo of pectin samples from 313 
various botanical sources using intrinsic viscosity and modelling tend to result in somewhat 314 
greater values ranging between 70-90 Å, 35 14-100 Å, 36 or 100-130 Å 9 whereas new 315 
methodologies using electrokinetic potential measurements are in good agreement37 with the 316 
results of the present study. Nevertheless, the sensitivity of chain flexibility on degree of 317 
methylesterification and rhamnose content has been established in the aforementioned studies 318 
showing that RG-I-rich pectins are the most flexible. In addition, molecular dynamics simulations 319 
of polygalacturonic acid yielded persistence lengths of 110 Å for protonated chains and 300 Å for 320 
deprotonated chains38 also confirming the loss of flexibility we observed at neutral pH particularly 321 
for samples with low DM (Figure 3). It is important to note that chains showed only a marginal 322 
preference to stiffer conformations with increase in temperature, however, its influence on 323 
persistence length was not conclusive. Taking everything into account, it is inferred that chain 324 
flexibility increases with DM and at acidic pH.   325 
 326 
 327 
 328 
 329 
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 330 
Figure 4: Characteristic Porod plots of pectin samples. The first level of structure (Rcluster) is 331 
associated with the length scale of clusters (large purple circle in AFM). The shoulder in the 332 
scattering curve is due to the charges on the polyelectrolyte backbone. The transition to the higher 333 
length scales (dashed black line) is associated with the radius of gyration (Rg) of individual pectin 334 
chains (small turquoise circle in AFM). Purple (scattering from clusters) and turquoise (scattering 335 
of pectin chains) lines show an example of curve fitting using an empirical functional (guide to the 336 
eye only). Inset shows atomic force image of sample DM 70. lo is the persistence length, and Rc 337 
the cross-sectional radius of gyration. z-Scale on the AFM image is from 1.27 to 2.56 nm, as the 338 
highest (bright yellow) and the lowest (black) points of the scans.  339 
 340 
Double logarithmic plots of I(q) vs. q (Porod plots) provide information on the local 341 
structure of the biopolymer and give first insights into the solution conformation of the samples 342 
(Figure 4). The first level of structure (q < 0.003 Å-1), as mentioned previously, is associated with 343 
the length scale of the clusters. As SAXS cannot resolve this dimension we employed atomic force 344 
microscopy (AFM) for selected samples to obtain structural information at lower length scales. 345 
Although AFM gives a snapshot of solution behaviour, as samples dry on the mica before 346 
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visualisation, the technique is adequate to provide tangible evidence of clustering. Indeed, chains 347 
protrude radially from the centre of the aggregates as rods, branched or kinked chains (Figure 4, 348 
inset, and Figure S3).  The radius of the aggregated structures was estimated between 100 – 200 349 
nm (1000 – 2000 Å), which should correspond to the order of magnitude of the radius of gyration 350 
of the clusters (Rcluster) (Figure 4). Aggregated structures forming at concentrations above 0.01 351 
mg/mL of high and low methoxylated pectins have previously been observed with AFM.39, 40 At 352 
higher-q a weak shoulder is observed on the curves at about 0.03 Å-1, which was more evident for 353 
samples at pH 7 and low DM. This length scale represents the polyelectrolyte peak that either 354 
dissipates or merges for most of the samples in the low-q clustering region. This occurs as the 355 
presence of salt makes the charged domains larger and shifts the peak to low-q values and the 356 
solution exhibits mostly “neutral” polymer behaviour.26  357 
Fractal dimensions from the slopes of Porod plots can be obtained to evaluate structure 358 
evolution at different conditions. Slopes from low- and high-q regions fluctuate around -1.9 or -359 
1.2, respectively, depending on the conditions (Table S1). A fractal dimension of 2 describes a 360 
random walk and indicates that pectin chains will randomly fill the space within the clusters. Self-361 
avoiding random walk that takes into account excluded volume interactions scale with exponent of 362 
1.6 and indicate stiffer chains. A fractal dimension of ~1.9 for the low-q region shows that the 363 
arrangement of pectin chains within the clusters is mostly random. The transition to exponent of 364 
~1.2 is related to the scattering of stiff rods41 and corresponds to the radius of gyration (Rg) of the 365 
pectin chains. Depending on conditions, the transition between high- and low-q regions occurred 366 
between 0.015-0.1 Å-1 with Rg values fluctuating in real space between ~ 63-420 Å (6.3-42 nm). 367 
Estimation of Rg from light scattering data (~36 nm) also falls within this range corresponding to 368 
the specific conditions of elution (pH 8.6). The transition occurs for most systems at around 0.08 369 
Å-1 (black dashed line on Figure 4) representing an Rg of about 78 Å (7.8 nm) and is in very close 370 
agreement with the transitions or Rg values observed for apple, 
42 citrus,43 or okra pectin.8 It 371 
should be mentioned, however, that it was difficult to distinguish the exact transition point with 372 
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sufficient accuracy for all samples at different conditions and a relationship could not be 373 
established.  374 
Even though determination of the Rg was problematic, it was still possible to observe the 375 
evolution of the structure as a function of degree of methylesterification, pH, and temperature by 376 
following the development of fractal dimensions (Figure 5). 377 
Figure 5: Fractal dimensions (Porod slopes) obtained for samples in the dilute regime. Plot is 378 
divided into four regions of increasing temperature (10, 30, 50 or 65 oC). Within each region from 379 
left to right degree of methylesterification increases (10, 30, 50, or 70%). Red dashed line shows a 380 
continuous decrease of fractal dimension at pH 1 with temperature. Black dashed lines show that 381 
at pH 7 increase of DM results in decrease of fractal dimension. 382 
 383 
The low-q slopes that give information on the cluster structure reveal the clear influence of 384 
pH as fractal dimensions are higher at pH 1 than pH 7 due to reduction of electrostatic repulsion 385 
and closer packing of the chains. Differences in the clustering strength between the two ionisation 386 
extremes persist up to 50 oC (red dashed line). Beyond that temperature, differences in the fractal 387 
dimensions between pH 1 and pH 7 become marginal indicating disassembly of the clusters or 388 
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chain expansion due to increased thermal energy (Figure 5). It is worth noticing that the high-q 389 
slope at pH 1 was found to be invariant (~1.1) showing that chains attain stiff rod conformations at 390 
all experimental conditions studied. In addition, a clear trend between DM and structure evolution 391 
is observed for samples at pH 7, as increase of DM beyond 30% results in substantial decrease of 392 
fractal dimension at all temperatures (curved black dashed lines, Figure 5). This shows that 393 
packing of chains in samples with high DM is not efficient, perhaps as a result of steric hindrance 394 
of the methyl groups. This is in congruence with the increase of hydrodynamic volume observed 395 
in intrinsic viscosity measurements (Table 1).  396 
Temperature modulation plays minimal role on the overall shape of the scattering curve for 397 
samples of the same concentration, DM and pH (Figure S4a). Generally, low temperatures 398 
enhance hydrogen bonding whereas high temperatures hydrophobic interactions. At high 399 
temperatures (T < 50 oC) the low-q feature of the curves becomes weaker indicating that hydrogen 400 
bonding should be the responsible thermodynamic driving force for cluster formation whereas 401 
hydrophobic interactions have negligible influence even for the samples of high DM. Hydrogen-402 
bond induced aggregation has been previously demonstrated with the influence of urea on flow 403 
properties of low methoxyl pectin solutions.44 The total scattering intensity increased with DM, as 404 
the electron density difference between the sample and the aqueous environment increases with 405 
DM yet the curve shape remained the same (Figure S4b). As the atomic number of carbon is 406 
greater than that of hydrogen (-COO-CH3 vs. -COO-H) the overall intensity of scattering curve 407 
will inevitably increase demonstrating the importance of the methyl group. This is also illustrated 408 
by the influence of pH, as scattering curves of samples with low DM have greater intensity at high 409 
pH values as a result of electrostatic repulsion between the chains thus increasing the volume of 410 
the particles and the contrast between solvent and solute (Figure S5a). On the contrary, curves of 411 
DM 70 overlap at pH 7 and 1 (Figure S5b).  412 
To further characterise the data in the semi dilute region of the biopolymers (10 mg/mL), an 413 
empirical functional was fitted to the data of the form (Figure 4, purple and turquoise lines): 414 
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The first term describes the scattering from clusters, and the second term is a Lorentzian function 415 
describing scattering from polymer chains.45 This second term characterizes the polymer-solvent 416 
interactions and therefore the thermodynamics of the system. Parameters A, C, background b, and 417 
exponents n and m were used as fitting parameters with the aim to obtain ξ that is the correlation 418 
length of the polymer chains (Table S1). It should be noted that exponents n and m are equivalent 419 
to low-q and high-q slopes, respectively (Figure 5). Correlation lengths varied dramatically with 420 
both pH and DM ranging between 10-50 Å at pH 1 and 20-115 Å at pH 7. In particular, increase 421 
of DM resulted in decrease of ξ a trend that was observed at both pH values (Figure 6).  422 
 423 
Figure 6: Correlation lengths, ξ, of samples as function of temperature and degree of 424 
methylesterification, a) at pH 1, and b) at pH 7. 425 
 426 
At distances smaller than ξ, chain segments are surrounded by the solvent or other segments that 427 
belong to the same chain whereas at length scales greater than ξ, chains entangle. We should 428 
notice that there is an abrupt fall of ξ values for DM > 30 particularly at pH 7.0. Smaller ξ values 429 
at low pH indicate that the “correlation blobs” are smaller pointing to more dense structures. In 430 
addition to suppression of electrostatic repulsion at low pH, increase of hydrophobic attraction 431 
with DM brings the chains together, further decreasing correlation length. The effect is more 432 
prominent at neutral pH where increase in electrostatic repulsion almost doubles ξ values. 433 
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Correlation length trends are in accordance with those of intrinsic viscosity (Table 1) indicating 434 
that high methoxyl pectins would overlap at lower critical concentrations (c*) than their 435 
counterparts with low DM, as polymers with high [η] usually exhibit lower c*. 46 This has been 436 
also clearly demonstrated with okra pectin where samples with higher DM at pH 7 showed higher 437 
c* values.47 Finally, temperature does not seem to have a clear influence on correlation length 438 
although at the highest temperature studied ξ seems to depart from the overall behaviour.  439 
3.3 Molecular dynamics 440 
Molecular dynamics modelling was performed in explicit solvent to assess the conformational 441 
behaviour of pectin at boundary environmental conditions. It should be noted that the decamer that 442 
has been modelled is essentially polygalacturonic acid oligomer with variable degree of 443 
methylesterification while rhamnose residues that impart conformational flexibility35 have been 444 
neglected.  445 
 446 
Figure 7: (a) End-to-end distances of decamer systems at pH 7 with 10% and 70% 447 
methylesterification over the last 6 ns of MD simulations in explicit solvent. Contour plots 448 
showing the population of torsion angles over the same time scale with (b) 70% 449 
methylesterification, and (c) 10% methylesterification both at pH 7. Insets show representative 450 
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decamer structures from extended (b) and bended (c) conformations. Sodium counterions are 451 
shown as purple spheres. 452 
 453 
It should be mentioned that to draw quantitative comparisons it would require much longer 454 
simulation times so as to observe reorientation of glycosidic linkages (~50-100 ns) or ring flips 455 
(~1 µs). Nevertheless, the simulation time we have used (10 ns) is comparable to previous MD 456 
studies of carbohydrate 10-mers48 or 25-mers3 and is suitable to give first insights on the 457 
dependency of local conformations on sodium, degree of methylesterification, and pH. In addition, 458 
the findings of the simulations remain in qualitative agreement with the experimental findings, as 459 
is discussed below. Chain conformations depend on the torsion angles (φ, ψ) and can be visualised 460 
by contour plots of occupancy (Figure 7 and Figure S6). Torsion angles (φ, ψ)  of pectin decamers 461 
at the four extremes of conformational behaviour  revealed a single high-occupancy region centred 462 
around φ = 70ο and ψ = 100o for all systems in agreement with potential energy maps previously 463 
reported for dimers of D-GalA.38, 49 Systems representing decamers with 10% and 70% DM at pH 464 
1 did not show any systematic differences in both torsion angles and end-to-end distances (Figure 465 
S6). The charge densities are equal between the two systems and chain lengths are the same, 466 
revealing very little influence of methyl substitution at low pH values. The conformational 467 
landscape, however, changes once the pH is raised to neutral. As Na+ and Cl- ions were included 468 
in the explicit solvent simulations, transient but frequent interactions between sodium and pectin 469 
can be observed (Figure 7). These electrostatic interactions predominantly involve the carboxylic 470 
acid group of galacturonic acid, effectively screening the electrostatic repulsion, but may also 471 
involve divalent interactions with oxygen atoms of neighbouring residues (e.g., OH on C2). At pH 472 
7, and low DM the greater charge density facilitates the interaction of sodium ions with adjacent 473 
pectin residues. This alters significantly the conformational landscape, widening the distribution 474 
of torsion angles (Figure 7). Consequently, it causes chain bending due to counterion 475 
condensation thus allowing them to adopt a more coiled conformation, which is also reflected in 476 
the end-to-end distances of the oligomer (Figure 7). This provides a plausible mechanism to 477 
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explain the lower fractal dimension of DM70 (extended chains) compared to DM10 (bended 478 
chains) at neutral pH (open squares, Figure 5). Such bending has been also previously reported for 479 
poly-galacturonic acid oligomers 38 although the influence of degree of methylesterification was 480 
not examined. At pH 1, in the absence of these counterion interactions, the decamer 481 
predominantly occupies a highly extended conformation irrespective of the degree of 482 
methylesterification (Figure S6), which is consistent with the limited differences in fractal 483 
dimensions observed at pH 1 (open circles, Figure 5). It should be mentioned that counterion 484 
condensation effects depend on the force-field-inherent ability to predict either the “loose” or the 485 
“tight” ion binding and Lennard-Jones parameters may require optimisation to accurately 486 
reproduce experimental data.50 Despite that fact, the observations of end-to-end distance 487 
behaviour in molecular dynamics are in qualitative agreement with Kratky plots at pH 1 and 7 488 
(Figure 2b) obtained from experimental data where, as previously discussed, samples with low 489 
degree of methylesterification tend to be more coiled at pH 7. In addition, the pH-dependent 490 
alteration in the conformations of the glycosidic linkage is also in qualitative agreement with 491 
simulations of the conformation of protonated, deprotonated and esterified uronate residues 492 
obtained using different force field.51 Finally, besides the local interactions between adjacent 493 
residues, counterion condensation may also facilitate the interaction between pectin chains.  494 
4. Conclusions 495 
The influence of degree of methylesterification, pH, temperature, concentration in the 496 
presence of salt on the macromolecular interactions of pectin in solution has been explored. 497 
Irrespectively of the experimental conditions, two levels of structure have been observed; one that 498 
is associated with radius of gyration of clusters (~100-200 nm) and a second with the radius of 499 
gyration of single chains (~6-42 nm). Hydrogen bonding was found to be the responsible 500 
thermodynamic driving force for cluster formation. LM-pectins at pH 7 attain bended 501 
conformations due to counterion condensation but gradually expand with increase of the degree of 502 
methylesterification, as a result of decreased charge density. Chain flexibility generally increases 503 
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with DM and at acidic pH values where galacturonic acid residues are fully protonated. Overall, 504 
HM-pectins create structures of lower fractal dimension resulting in less efficient packing of the 505 
chains in contrast to their LM counterparts. The present work unveiled the solution conformation 506 
of pectin covering most of its industrially and biologically relevant environments thus enabling 507 
rational design of advanced biomaterials based on pectin. 508 
 509 
Acknowledgements 510 
We are grateful to the Diamond Light Source for the beam time award (ref: SM17074) on 511 
beamline B21. We are also thanking Dr. Robert Rambo and Dr. Katsuaki Inoue for their assistance 512 
during the experimental work and help with the analysis of some of the SAXS results. P Gunning 513 
and P Wilde gratefully acknowledge the BBSRC for supporting the work through the Food and 514 
Health Institute Strategic Programme Grant. 515 
 516 
 517 
 518 
 519 
 520 
Supporting Information Paragraph 521 
Table S1: Molecular characteristics of pectin samples obtained from SAXS data analysis. χ2/N is 522 
an index of goodness of fitting with values close to zero indicating perfect fitting and values below 523 
100 are generally deemed as acceptable. Rc is the cross-sectional radius of gyration, lo is the 524 
persistence length and, ξ is the correlation length.  Figure S1: Concentration dependence of 525 
scattering intensity curves of pectin samples. Figure S2: Typical Kratky plots of salt free pectin 526 
samples with different DM at pH 7. The counterion condensation peak is not observed. Figure S3: 527 
Typical AFM images of pectin with: a) DM 10 and b) DM 70. Figure S4: Representative 528 
scattering curves of pectin samples showing: a) the effect of temperature, and b) the effect of 529 
degree of degree of methylesterification. Low-q scattering intensity decreases with temperature 530 
indicating that hydrogen bonds play important role in clustering. Scattering intensity increase with 531 
degree of methylesterification as a result of additional –CH3 groups on the chains. Figure S5: pH-532 
dependence of pectin samples with a) DM 10 and b) DM 70. The difference in the scattering 533 
intensity between pH values is eliminated with increase of DM. Figure S6: (a, c, e) 534 
Conformational landscapes of pectin decamers simulated by MD at pH 1, and (b, d, f) at pH 7. 535 
Contour plots showing the population of torsion angles over 6 ns of MD simulation with (a, b) 536 
DM 70%, and (c, d) DM 10%. End-to-end distances of decamer systems with 10% and 70% 537 
methylesterification at (e) pH 1 and (f) pH 7 over the same time scale.  538 
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